Quantum communication provides an absolute security advantage, and it has been widely developed over the past 30 years. As an important branch of quantum communication, quantum secure direct communication (QSDC) promotes high security and instantaneousness in communication through directly transmitting messages over a quantum channel. The full implementation of a quantum protocol always requires the ability to control the transfer of a message effectively in the time domain; thus, it is essential to combine QSDC with quantum memory to accomplish the communication task. In this paper, we report the experimental demonstration of QSDC with state-of-the-art atomic quantum memory for the first time in principle. We used the polarization degrees of freedom of photons as the information carrier, and the fidelity of entanglement decoding was verified as approximately 90%. Our work completes a fundamental step toward practical QSDC and demonstrates a potential application for long-distance quantum communication in a quantum network.
an approach has played important and helpful roles in the proof-of-principle experimental demonstration. However, for a practical application, a quantum memory is greatly needed because it is robust against decoherence and convertible to quantum states of light on demand [21] [22] [23] [24] [25] [26] , which indicates effective control for transferring a message in the time domain, therefore a delay line is only suitable for a fixed time-delay situation, but using a quantum memory can provide a more flexible, effective and instantaneous communication, and it is also a necessary element in future quantum network [19] . Using genuine quantum memory is an experimental goal and a challenging task because it requires the coherent storage of entangled single photons, and precise and effective control of quantum states. In this paper, we report the first experimental proof-of-principle demonstration of QSDC with genuine quantum memory. This is a key advance in secure communication based on QSDC.
First, we prepared a hybrid atom-photon entangled state in one atomic ensemble, and then we distributed the photon and stored it in another atomic ensemble, thus establishing memory-memory entanglement. The encoding operation was performed on the retrieved photon from the first atomic ensemble using a dense coding approach [27, 28] , and the decoding operation was obtained through density matrix reconstruction after retrieving the stored photon from the second atomic ensemble. We achieved high fidelity of approximately 90% for entanglement decoding for this QSDC experiment.
We briefly describe the basic procedure of QSDC based on the polarization entanglement [13, 14] Then, the Signal-2 photon was coded by WP1 and WP2, and then delivered to Bob's site and detected by D1. Additionally, after a total of 120-ns storage, the spin wave in MOT B was retrieved as Signal 1 through switching on the coupling light, thus Bob had a two-photon polarization entangled state. The next work done by Bob should be decoding information by performing a Bell state measurement for a true implementation of QSDC. However due to the big difficulty in complete distinguishing four Bell states at present, the decoding process was not applied as the original protocol claimed in this experiment, we demonstrated the fact that Bob really obtained one of four Bell states corresponding to the encoding process through constructing the density matrix for every Bell state instead. This density matrix method is a standard method widely used for the verification of entanglement [30] . In addition, there exists a solution for implementing the complete and deterministic Bell state measurement based on linear optics, e.g.
using hyper-entanglement [31, 32] , therefore a complete demonstration of QSDC with quantum memories is possible in the future.
In the first round, we checked the entanglement without storage in MOT A/B and with no WP1 and WP2. This can be regarded as the first security check after the parties set up the quantum channel. This entanglement between Signal 1 and Signal 2 is written as | 3 , whose density matrix is illustrated in Figure 2 . The fidelity of the state | 3  was calculated by comparing it with the ideal density matrix, which is 93.1±1.0%, where | 3  is In Figure 4 , we also show the density matrices of the states | 5  and | 6  with a fidelity of 92.0±1.0% and 93.0±1.0% compared with the ideal density matrix, respectively. State | 5  corresponds to the encoding operation z  and the information value is "01," and state | 6  corresponds to the encoding operation x  and the information value is "10," where | 5  and | 6  can be written as
To obtain | 5 , we set WP1's fast axis to angle θ 1 =0 with respect to the vertical axis at the same time as withdrawing WP2. To obtain | 6 , we set WP1's fast axis to angle θ 1 =/4 with respect to the vertical axis at the same time as withdrawing WP2. We further encode this entanglement through an operation with both WP1 and WP2 to set the fast axis of WP1 to angle θ 1 =0 with respect to the vertical axis and the fast axis of WP2 to angle θ 2 =/4 with respect to the vertical axis. This entangled state can be expressed as | 7 , whose density matrix is illustrated in Figure 5 with a fidelity of 88.3±2.0% compared with the ideal density matrix. This state | 7  corresponds to the encoding operation iy  , and the information value is "11": QSDC protocols provide an efficient approach for sending information directly without sharing a key. Analogous with QKD, the security of the QSDC protocol relies on the basic principle of quantum mechanics, such as the uncertainty principle and no-cloning theorem.
In this experiment, we did not directly create the two-photon polarization Bell state, but a hybrid atom-photon entangled state | 1  first, and then memory-memory entanglement | 2 . By exploiting the idea of dense coding, the QSDC can transmit information with a higher capacity than quantum teleportation. In recent years, quantum teleportation of multiple degrees of freedom of a single photon has been achieved both in theory and experiments [12, 33] ; it requires the sophisticated quantum non-demolition measurement and complete hyper-entanglement Bell-state measurement, which is not an easy task in the current experiment.
We have reported the QSDC with quantum memory, thereby demonstrating the ability of with an OD up to 1,000 [34] . Using a backward direction of retrieval, we can overcome the limitation and achieve storage efficiency of more than 90% [35] . In the original QSDC protocol, to increase communication efficiency, Alice can prepare the ordered N pairs of the same Bell states and distribute the entangled states to Bob simultaneously, which is called "block transmission" technology. The quantum repeaters with multiplexed memory may be a good tool to achieve block transmission [36, 37] . Similar to quantum teleportation, QSDC depends on the distribution of the entanglement in distant locations. For long-distance QSDC, the large photon loss and decoherence in optical fibers requires the use of quantum repeaters, which is a substantial experimental challenge. In free space, photon loss and decoherence are almost negligible in the outer atmosphere. Free-space QSDC on the hundred-kilometer scale is possible based on the fact that experiments for quantum teleportation and entanglement distribution over 100 km have been well demonstrated [10, 11] .
We have reported the first proof of the QSDC protocol with atomic quantum memory in principle. We demonstrated almost whole process of the QSDC protocol, including the generation of entanglement, channel security check, distribution of the entangled photons, storage, and encoding process with the decoding process replaced by constructing the density matrix. We want to mention a fact again that the decoding process is not applied as the original protocol claimed in the experiment due to the difficulty in distinguishing four Bell states, but the complete and determinate Bell state measurement for decoding can be achieved for example, by using hyper-entanglement [31, 32] , therefore a complete demonstration of QSDC is feasible. We believe that our experiment will help the fundamental tests for future satellite-based ultra-long-distance and global QSDC, and quantum secure networks.
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